Individual grain orientation and pole figure measurements can be performed on-line by interfacing the electron microscope with a computer. In contrast to X-ray or neutron diffraction, electron microscopes give the means to image microstructural details at high resolution as well as to study crystal texture of exactly the same specimen region by electron diffraction.
INTRODUCTION
The determination of crystal grain orientations and their statistical distribution in a polycrystal (crystal "texture", preferred orientations) is of great concern to material science. Several important material properties are anisotropic, i.e. they are dependent on crystal orientation, and texture may be changed specifically during production and use of a workpiece. Texture can conveniently be measured on a macroscopic scale using X-ray or neutron diffraction techniques. Often, however, microstructure is inhomogeneous on a microscopic scale, and material fails in consequence of local flaws. Hence the measurement of the texture of small regions or even the determination of individual grain or subgrain orientations is necessary. The knowledge of microscale texture may clarify the mechanisms of texture transformation during deformation and recrystallization, the formation of shear and deformation bands, and fracture processes. 7 The outstanding advantage of transmission and scanning electron microscopy over light microscopy, X-ray and neutron diffraction is in texture analysis that a selected specimen region can both be imaged at high resolution and be investigated for its grain orientations. The fast but mainly qualitative methods of illustrating texture inhomogeneities by metallographic means, e.g. colour etch or grain-orientation specific etch preceding an investigation by light microscopy, can be supplemented by the following quantitative methods of local texture analysis: (von Heimendahl, 1964; Drazin and Otte, 1963; Crocker and Bevis, 1964) . Trace analysis methods are limited to low-index planes and even so, the results may be ambiguous. Calculations become increasingly more complex with higher indices. The terms "bright-field" and "dark-field" refer to images to which the forward-scattered ("primary") beam does or does not contribute, respectively.
Crystal orientations may be determined most precisely with high-resolution transmission electron microscopy. The sites of atom columns in the crystal can be seen on an atomic scale in lattice plane interference micrographs (Figure 1 ) from which the crystal orientation can directly be deduced. This technique is particularly valuable for the study of orientation correlations and the microstructure of grain and phase boundaries. Crystal lattice imaging will, however, not become a routine method for local orientation measurement, due to the following limitations" Specimen thickness in the probed area must not exceed about 20 nm. Sample preparation is difficult, and only small regions are suitable such that statistical sampling over a larger contiguous specimen seems hardly possible.
Extremely thin specimens are not always a good representation of bulk material.
Resolution of a modern TEM is limited to about 0.15 nm which is sufficient to only resolve the widest lattice spacings in metals, i.e. only low-index lattice planes are visible. Ionic and covalent crystals often have larger lattice parameters, and are thus better suited for lattice imaging. Extensive computer simulation calculations are necessary for a reliable image interpretation.
Stringent conditions for high resolution microscopy must be fulfilled.
A dedicated high-resolution TEM must be available. (Plege, 1983; Tambuyser, 1985;  M/Sck, 1991).
Slightly defocussed dark-field images simultaneously allow the determination of both the size and--similar as from a spot pattern---orientation of individual crystallites (Reinbold and Hoffmann, 1975 (Riecke, 1962) (Kesternich, 1982 (Edington, 1975 Indexing is ambiguous, since spot patterns in general show a two-fold symmetry. Unless the common zone axis parallel to the primary beam has even symmetry, the specimen has to be tilted to another zone. Having also indexed the new diffraction spots, the correct indexing can be selected which must conform with the angles of tilt. A unique indexing, however, is readily possible if spots of more than one zone axis are present in a pattern (Ryder and Pitsch, 1968) . The indexing of the common zone axis--which is close to the primary beam directionmfollows from the vector product of two (hkl) triples of indexed spots.
While the angular orientation around the primary beam is as precise as the spot positions can be measured on the pattern, the beam direction may be uncertain to about -1-5. This can easily be demonstrated by inspection of a pattern on the microscope screen. If the sample is rotated around the primary beam, the diffraction spots rigidly follow the crystal lattice movement. If the specimen is tilted, however, there is initially no change of spot positions to be seen. With increasing angle of tilt some spots fade out, and finally other spots appear which belong to a new zone axis. In order to obtain a more precise beam orientation, the relative intensities of the spots have to be taken into account (method of intensity center) (Laird et al., 1966; von Heimendahl, 1980) or spots from more than one zone axis have to be considered (Ryder and Pitsch, 1968) . These methods are increasingly time consuming and not well suited for routine work.
Indexing of spot patterns is a straight-forward though tedious procedure. With the availability of laboratory computers several programs have been written for plotting spot pattern maps and indexing spot patterns (Rhoades, 1975; Goehner and Rao, 1977; Fraundorf, 1981; Stadelman, 1987) . A detailed description and the source code of the program XIDENT can be found elsewhere (Rhoades, 1970 (Humphreys, 1982; Schwarzer 1983 (Schwarzer, 1983; Schwarzer 1991a (Figure 5 ) (Kikuchi, 1982) In the SEM, Kikuchi patterns are generated by back-diffraction from a virtually perfect area of crystal (Venables and Harland, 1973) . The stationary beam impinges on the bulk sample at a flat angle of typically 30 from grazing incidence. For acquisition either a photographic plate or a fluorescent transmission screen is placed parallel to the incident beam, right in front of the tilted sample. In the latter arrangement the pattern may be recorded by a TV camera or by photography through a window from outside ( Figure 6 ). An advantage over standard low light level TV cameras is to accumulate the pattern, without introducing distortions, on the sensor chip of a dedicated CCD camera, using Peltier cooling in order to reduce noise, and to transfer the digitized pattern in one frame scan to a computer for further interpretation (Schwarzer, 1989a (Figure 7 ). Some disadvantages of the steep specimen tilt are the foreshortened beam spot on the sample as well as the foreshortened micrographs, and the need for another backscatter electron detector which has to be placed in the lobe of scattered electrons beneath the sample, in order to receive intensity sufficient for clear images of the tilted sample region. Patterns from grains 0.5 m wide have been reported (Dingley, 1984) . Backscatter Kikuchi patterns, when recorded with a TV camera, are more diffuse and show less details than transmission Kikuchi or channelling patterns. Often individual Kikuchi lines are missing on the TV image which are supposed to border the bands at an angular width of twice the Bragg angle. Due to the low resolution of these wide-angle diffraction patterns, the accuracy of orientation measurement is limited to about 1 to 2. This is often sufficient for texture measurement. The study of misorientations or the distribution of special grain boundaries, however, demands for a higher accuracy of the individual crystal lattice orientations. 
Channelling Patterns
Channelling patterns from bulk samples are produced in the SEM by the variation of the backscattered intensity with the angle between the incident beam and the crystal lattice (Coates, 1967) . As long as the primary beam strikes a low-index lattice plane at an angle less than the Bragg angle, an enhanced backscatter electron signal is produced, while intensity drops sharply when the Bragg angle is exceeded. For high-index lattice planes the dependence of intensity on the angle of incidence is more complex. As a rule, however, there is a significant change in intensity, whenever the incoming beam passes through the Bragg angle position (Figure 8) (van Essen and Schulson, 1969) , the scanning facility is used in combination with the probe-forming lens to scan the angle of beam incidence, with the pivot point resting stationary on the sample surface ("rocking beam channelling pattern"). As a consequence of large spherical lens aberrations and the need for rocking angles in excess of +5 the illuminated sample region can scarcely be made smaller than 10/m in commercial microscopes. This is not sufficient for the study of deformed materials since, with increasing dislocation density, the patterns soon become blurred, and interpretation is no longer possible. On the other hand, the sharpness of Kikuchi lines in the patterns provides a means of studying the local strain fields as well (Kaczorowski and Gerberich, 1991 (Dingley, 1978) . The experimental situation is very similar to the formation of backscatter Kikuchi patterns. When the accelerating voltage is sufficiently high, characteristic X-ray radiation is emitted into all directions from the interaction volume of the primary beam with the sample. So virtually a point source of X-rays is formed. If X-rays strike a crystal lattice plane at the Bragg angle, they can be diffracted. This holds true for all beam directions around the lattice plane normal such that they form the surface of a "Kossel" cone with its apex centered on the interaction volume. Since the wavelengths of characteristic X-rays are in the range of the lattice spacings, the semi-vertex angles, 90-0, of Kossel cones may range from several degrees to a right angle. Usually a recording film is placed a few centimeters in front of the sample. The traces of the cones on the film are sharp conical sections rather than straight lines as with backsatter Kikuchi patterns. In order to overcome the limitations with X-ray wavelengths characteristic for the sample material, the X-ray point source can be generated on the specimen surface in a thin layer of differently composed material (pseudo Kossel technique). If the anti-cathode film is placed some distance above the sample, a direct and possibly destructive interaction of the electron probe with the specimen can be avoided. Pseudo Kossel diffraction is then an extremely gentle method, since an X-ray beam rather than energetic electrons strikes the sample. The method can be applied for the study of sensitive or charging material. Spatial resolution, however, is impaired by projection. Micro Kossel diffraction is a tedious off-line technique, since long exposure times, the development of the film, and the measurement of cone positions are required. The interpretation of conical sections is more difficult than that of straight Kikuchi lines. On the other hand, the high accuracy of orientation measurement is only required for exceptional applications of texture analysis. Hence micro Kossel diffraction is mainly used for the precise determination of lattice parameters and internal stress, phase analysis, and the study of orientation differences. Spatial resolution is in the range of a few micrometers.
ON-LINE MEASUREMENT AND INTERPRETATION OF ELECTRON DIFFRACTION PAq'TERNS
Precise determination of crystal orientations from Kikuchi or channelling patterns is based on the sharpness of the lines and on the fact that they rigidly follow any rotation or tilt movement of the crystal (Figure 9 ). So the orientation of a grain can be obtained by simply identifying some Kikuchi lines or zone axes by comparison with a map or computer generated patterns. A significant advance is to perform measurement and interpretation of diffraction spot patterns (Carr, 1982) , transmission Kikuchi or channelling patterns (Weiland and Schwarzer, 1985) and backscatter Kikuchi patterns (Dingley, 1989) Figure 9 The geometry of Kikuchi patterns. ( Figure 11 ) (Weiland and Schwarzer, 1985) . The necessary deflection voltages are transmitted to the computer as a measure of x-y coordinates. There are only slight modifications in the TEM to be made. Details of a program for on-line interpration of Kikuchi patterns can be found elsewhere (Schwarzer, 1989b (Wright et al., 1991; Wright and Adams, 1992a ). The advances with backscatter Kikuchi patterns is the topic of two contributions to this volume (Wright and Adams, 1992b; Juul-Jensen, 1992 ).
REPRESENTATION OF INDIVIDUAL GRAIN ORIENTATIONS
The orientation gi of a grain in a given reference frame is usually denoted (Bunge, 1982) (Frank, 1988; Neumann, 1991 representation of crystal texture is provided by the three-dimensional orientation distribution function (ODF) (Bunge, 1982 (Bunge, 1982) , or by measuring the orientations and volumes of all individual grains in the sample area (Bunge, 1965; Wagner, 1986) . Characteristic components of ordinary textures are already indicated by about 100 individual orientations, whereas weak textures may require a set of measurements of more than one order of magnitude larger (Wright and Adams, 1990) . In a similar way the distribution function of orientation differences, Ag, specified by Euler angles, can be obtained from individual orientation measurements by a series expansion of generalized spherical harmonics (Plege, 1987; Bunge and Weiland, 1988 (Schwarzer, 1991b) . Diffraction techniques for the SEM are compared in (Dingley, 1981) .
